Many vital physiological processes are modulated by G protein-coupled receptors (GPCRs) in the B family;^[@ref1]^ their natural agonists are long polypeptide hormones (≥27 residues). Extensive efforts to develop small-molecule agonists or antagonists of these GPCRs have yielded little success, but peptide agonists have proven to be effective as therapeutic agents.^[@ref2]^ Rapid proteolytic degradation of the natural hormones and functional analogues, however, can limit their utility. Here we describe the application of an unconventional strategy, backbone modification, for the development of protease-resistant analogues of glucagon-like peptide-1 (GLP-1) that retain full agonist potency and confer prolonged glucose control *in vivo*.

The C-terminal segments of B-family GPCR agonist peptides are α-helical when bound to their receptors.^[@ref3]^ Our interest in these agonists arose from the discovery that information-bearing α-helices could be functionally mimicked with oligomers containing a combination of α- and β-amino acid residues ("α/β-peptides").^[@ref4]^ This finding has emerged from a broad effort to develop biopolymer-mimetic "foldamers" that differ from proteins or nucleic acids at the backbone level.^[@ref5]^ Properly designed α/β-peptides retain the recognition properties of a prototype α-helical α-peptide, but the unnatural backbone confers protection from proteolysis. This approach is complementary to side chain cross-linking strategies that many groups have used for conformational and metabolic stabilization of bioactive α-helices.^[@ref6]−[@ref14]^ Cross-links have been generated via lactam formation, e.g., between Lys and Glu side chains,^[@ref6]−[@ref9],[@ref14]^ or with hydrocarbon connectors generated via alkene metathesis.^[@ref10]−[@ref13]^ Derivatives of several B-family GPCR agonists containing lactams in the C-terminal regions have been reported,^[@ref6],[@ref7],[@ref9]^ including examples based on GLP-1.^[@ref14]^ However, the cross-links themselves can make unintended contacts with partner proteins,^[@ref15]^ and the extent of proteolytic stabilization may be limited. These factors motivated our interest in a backbone-focused rather than side-chain-focused approach.

Only a few prior studies have explored α → β replacement in B-family GPCR agonists, with mixed results. Replacements at one to three positions in the central portion of a parathyroid hormone receptor-1 (PTHR1) agonist were largely deleterious.^[@ref16]^ Subsequent efforts to replace the entire C-terminal segment of a GLP-1R agonist with a β-peptide segment led to a million-fold decline in potency.^[@ref17]^ However, we have recently shown that as many as seven α → β replacements are tolerated in the C-terminal portion of PTH(1--34), which is the osteoporosis drug teriparatide, without loss of PTHR1 agonist potency.^[@ref18]^ In this case, α residues were replaced with their β^3^ homologues.

The present studies began with GLP-1(7--37)-NH~2~, which displays full activity at GLP-1R^[@ref19]^ and can be viewed as a hybrid of the two natural hormone forms, GLP-1(7--36)-NH~2~ and GLP-1(7--37).^[@ref20]^ (By convention, the N-terminal residue of native GLP-1 is designated position 7.) GLP-1(7--37)-NH~2~ has been used for systematic evaluation of *i*,*i*+4 side chain lactam placement;^[@ref14]^ lactams involving positions 18, 22, 26, and 30 retain high potency, which is consistent with structural evidence indicating that side chains at these positions do not make direct contact with the receptor.^[@cit3b]^ Since the αααβ backbone pattern supports α-helix mimicry,^[@cit4b],[@cit4e]^ we made α → β^3^ modifications at positions 26, 30, and 34 (**1**, Figure [1](#fig1){ref-type="fig"}). This compound maintains the side chain sequence of the prototype α-peptide, but each β^3^ residue contains an additional backbone CH~2~ unit relative to the original α residue. α/β-Peptide **1** was compared to GLP-1(7--36)-NH~2~ for the ability to activate human GLP-1R using a previously described cell-based assay in which agonist-stimulated cAMP production is monitored (Table [1](#tbl1){ref-type="other"}).^[@cit14b],[@ref21]^ GLP-1 is very potent (EC~50~ = 1.6 ± 0.2 nM), but analogue **1** was much less active (EC~50~ \> 100 nM; modest cAMP production at 100 nM). This observation contrasts sharply with our recent finding that analogues of PTH(1--34) containing multiple α → β^3^ replacements retain native-like potency.^[@ref18]^

![GLP-1(7--37)-NH~2~ and α/β-peptide analogues. Each molecule has a free N-terminus and a primary amide at the C-terminus. The single-letter code identifies proteinogenic α residues. Colored circles indicate positions of other types of residues, including the nonproteinogenic α residue Aib (green), β^3^ homologues of proteingenic α residues (blue), and ring-constrained β residues (tan; X = ACPC, Z = APC).](ja-2014-07168t_0001){#fig1}

When α → β^3^ modifications within an α-helix-forming sequence weaken binding to a target protein, affinity can sometimes be restored via use of ring-constrained β residues such as ACPC or APC (Figure [1](#fig1){ref-type="fig"}, X and Z).^[@cit4c]^ This trend is attributed to the extra degree of torsional flexibility within a β^3^ residue relative to the homologous α residue, which presumably increases the entropic cost of helix formation.^[@ref22]^ We prepared α/β-peptide **2**, an analogue of **1** containing three cyclic β residues, in an effort to improve agonist activity. Lys34 of GLP-1 was replaced with APC in **2** to maintain the cationic charge, but Ala30 and Lys26 were replaced with uncharged ACPC. Since Lys26 can be used to generate potent lactam derivatives of GLP-1,^[@cit14a]^ we concluded that cationic charge was not necessary at this position. α/β-Peptide **2** proved to be a full agonist of GLP-1R with native-like potency.

We extended the αααβ pattern toward the N-terminus via progressive introduction of ACPC residues in place of Gly22, Ser18, and Ser14. The α/β-peptides containing four or five α → β modifications (**3** and **4**) were full agonists of GLP-1R with activities comparable to that of GLP-1. In contrast, introduction of a sixth α → β replacement drastically reduced the activity (α/β-peptide **5**). Ser14 → Ala modification is reported not to affect GLP-1 potency,^[@ref23]^ so loss of the native side chain at this position, in **5**, does not explain this α/β-peptide's lack of agonist activity. Because the receptor-bound conformation of the N-terminal segment of GLP-1 is unknown,^[@cit3b]^ the origin of this dramatic impact of α → ACPC replacement is difficult to explain.

GLP-1 is rapidly degraded *in vivo*.^[@ref24]^ Proteolysis is mediated by at least two enzymes, dipeptidyl peptidase-4 (DPP-4),^[@cit24a]^ which specifically cleaves after Ala8, and neprilysin (NEP 24.11), which cleaves after Asp15, Ser18, Tyr19, Glu27, Phe28, and Trp31.^[@cit24b]^ Based on previous observations,^[@ref4]^ we anticipated that the β residues in **4** would suppress neprilysin action at all sites except perhaps the one closest to the N-terminus (Asp15-Val16). Replacement of Ala8 of GLP-1with Aib suppresses DPP-4 activity without affecting GLP-1R agonist activity,^[@ref25]^ and we predicted that replacement of Val16 with Aib would exert a comparable suppression of cleavage at the adjacent neprilysin site without affecting potency at GLP-1R ([Supplementary Figure 18](#notes-1){ref-type="notes"}).

α/β-Peptide **6**, which contains the five α → cyclic β backbone modifications of **4** along with Aib modifications at positions 8 and 16, proved to be a full agonist of GLP-1R, with native-like potency. In addition, this α/β-peptide analogue of GLP-1(7--37)-NH~2~ is highly resistant to *in vitro* degradation by the enzymes that cleave GLP-1 itself ([Supplementary Figures 13, 14, and 16](#notes-1){ref-type="notes"}). No cleavage of **6** by DPP-4 could be detected over 7 days under conditions that result in a 13.5 min half-life of GLP-1(7--37)-NH~2~, as expected.^[@ref25]^ More significantly, **6** displayed a half-life of 83 h in the presence of neprilysin under conditions^[@cit14b]^ that lead to a 20 min half-life of GLP-1.

A critical physiological role of GLP-1 is to augment glucose-stimulated insulin secretion (GSIS) from pancreatic islet β cells. We compared α/β-peptide **6** and GLP-1(7--36)-NH~2~ for the ability to promote GSIS from freshly isolated mouse islets (Figure [2](#fig2){ref-type="fig"}). Administration of both compounds resulted in a dose-dependent increase in GSIS, yielding ∼2-fold greater insulin secretion at 90 nM agonist (*p* \< 0.03). It is noteworthy that the dose-dependence observed for the α/β-peptide matched that of GLP-1, which is consistent with the similarity in EC~50~ values for activation of GLP-1R reported in Table [1](#tbl1){ref-type="other"}. Residual islet insulin content values were not significantly different between islets treated with GLP-1 and those treated with **6** ([Supplementary Figure 19](#notes-1){ref-type="notes"}), which indicates that the effect of the α/β-peptide is not simply due to GLP-1 release via damaging of β cell membranes.

![α/β-Peptide **6** and GLP-1 are equally effective insulin segretagogues. Insulin secretion was monitored from primary mouse islets in response to low glucose alone (3 mM, ∇) or high glucose (HG, 16 mM) in the absence (▼) or presence of varying concentrations of the α/β-peptide **6** (○) or GLP-1(7--36)-NH~2~ (●). Measurements show the mean of five independent experiments (±SEM). Secretion is plotted as the percentage of total insulin content per islet. \*, *P* \< 0.05 for α/β-peptide **6** or GLP-1(7--36)-NH~2~ vs HG alone.](ja-2014-07168t_0002){#fig2}

###### GLP-1R Activation, Monitored by cAMP Production for GLP-1(7-36)-NH~2~ and Analogues

          EC~50~ (nM)   max response (% GLP-1 max)
  ------- ------------- ----------------------------
  GLP-1   1.6 ± 0.2     100
  1       \>100         --
  2       0.7 ± 0.1     100
  3       2.0 ± 0.1     85
  4       4.0 ± 0.5     103
  5       \>100         --
  6       3.2 ± 0.3     88

We evaluated α/β-peptide **6***in vivo* via glucose tolerance tests (GTT) (Figure [3](#fig3){ref-type="fig"}). In addition to the α/β-peptide and GLP-1(7--37)-NH~2~, these studies included exendin-4 (39 residues). All three compounds were tested for the ability to normalize circulating glucose levels. For mice injected with vehicle rather than peptide (negative control), the subsequent intraperitoneal glucose challenge caused a rapid rise in blood glucose concentration that peaked at 30 min (Figure [3](#fig3){ref-type="fig"}A). Mice injected with GLP-1, exendin-4, or α/β-peptide **6** at 1 mg/kg showed a dramatic suppression in the rise of blood glucose concentration relative to vehicle-treated mice during the GTT; the three compounds were equally effective at this dose. Dose--response behavior was observed for **6**, with glucose control maintained at 0.1 mg/kg, but not at 0.01 mg/kg (Figure [3](#fig3){ref-type="fig"}B).

![α/β-Peptide **6** demonstrates long-lasting improvement of *in vivo* glucose tolerance. (A) Plasma glucose values during a glucose tolerance test (GTT) for mice treated with GLP-1(7--37)-NH~2~ (1 mg/kg), exendin-4 (Ex-4, 1 mg/kg), varying doses (0.01 to 1 mg/kg) of α/β-peptide **6** or vehicle. Upward arrow indicates timing of the peptide treatments delivered via IP injection. Results show mean (±SEM) of 4 separate mice per condition. (B) Average area under the curve (AUC) values for the GTT data shown in part A. (C) Plasma glucose values at 30 min following a second GTT that was conducted 5 h following that shown in A. \*, *P* \< 0.05 vs vehicle.](ja-2014-07168t_0003){#fig3}

The GTT was repeated 5 h after agonist administration (Figure [3](#fig3){ref-type="fig"}C). Mice treated with GLP-1(7--37)-NH~2~ showed no significant difference from those treated with vehicle 30 min after the second glucose challenge; this result is expected based on the rapid enzymatic inactivation of GLP-1 *in vivo*. In contrast, the glucose-lowering effect of exendin-4 was maintained at 5 h, presumably because exendin-4 is not cleaved by DPP-4 and is only very slowly degraded by neprilysin or other peptidases.^[@ref26]^ α/β-Peptide **6** exerted a glucose-lowering effect at 5 h comparable to that of exendin-4 (each at 1 mg/kg). The ability of **6** to control blood glucose levels at 5 h was manifested even at 0.1 mg/kg. These results presumably reflect the resistance of the α/β-peptide to proteolysis.

Our results show that a GLP-1-derived oligomer containing multiple replacements of α-amino acid residues with β residues can maintain native-like agonist activity and mimic hormone function *in vivo*. Replacement of native α residues with flexible β^3^-homologues proved to be highly deleterious to agonist activity (α/β-peptide **1**), perhaps because of β^3^ residue flexibility; however, use of β residues preorganized to support an α-helix-like conformation provided potent GLP-1R agonists. These findings reveal a striking contrast between two B-family GPCRs, because we previously found that potent PTHR1 agonist activity could be maintained after multiple α → β^3^ replacements,^[@ref18]^ while the present study shows that GLP-1R agonist potency requires constrained β residues.

Despite the variations in preferred β residue type between GLP-1R and PTHR1, our successful implementations of the α → β replacement strategy with both receptors suggest that this approach may offer a general route to highly potent B-family GPCR agonists that display favorable pharmacokinetic profiles *in vivo*. The backbone-modification strategy can be readily implemented because the necessary α/β-peptides are accessible via conventional solid-phase synthesis, and many protected β-amino acids are commercially available.

Experimental procedures, peptide synthesis and purification, proteolysis assays, additional receptor activation assays, and insulin content measurements. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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